Calcium modulates the 5-HT 3 receptor response by reducing peak current amplitude and increasing rates of activation, deactivation and desensitisation, but the binding site(s) and mechanism(s) of this modulation are unknown. Here we study residues that may be involved in calcium binding in two partially overlapping regions of the extracellular domain (E213-E215-E218 and D204-E218-V219). The modulatory effects of calcium were assessed by radioligand binding and whole-cell patch-clamp. Comparisons of [
Introduction
The 5-HT 3 receptor is a member of a therapeutically important group of ligand gated ion channels known as the Cys-loop family. Members of this family are responsible for fast chemical neurotransmission, and they include the nicotinic acetylcholine (nACh), glycine and GABA A receptors (Thompson et al., 2006a) . All of these receptors are composed of five subunits that are symmetrically arranged around a central ion-conducting pore and each subunit contains three domains. The extracellular N-terminal domain contains the ligand binding sites which are located between two adjacent subunits. Amino acids responsible for ligand binding arise from the convergence of three loops from a principal subunit and three loops from a complementary subunit (Thompson et al., 2006a; Fig. 1A ). The energy from ligand binding opens an integral ion channel which is located in the transmembrane domain. This domain consists of four transmembrane a-helices (M1-M4). M2 lines the ion permeable channel and hydrophobic residues close to its centre are thought to act as the channel gate. The intracellular domain is formed by a loop of approximately 110 residues between M3 and M4, and plays a role in channel conductance and receptor modulation by intracellular messengers (Kelley et al., 2003; Thompson et al., 2006a) . Activation of the 5-HT 3 receptor elicits an inward current, which is predominantly carried by the monovalent cations, sodium and potassium, but to a lesser extent is also permeable to divalent ions (Jackson and Yakel, 1995; Peters et al., 1988) .
All the receptors in this family are affected by a range of divalent cations, including calcium, magnesium and zinc, but their actions can vary according to the receptor type (Hubbard and Lummis, 2000; Peters et al., 1988) . For example, in the a7 nACh receptor, divalent ions potentiate the response, while these same ions reduce peak currents and increasing the rate of activation, deactivation and desensitisation at 5-HT 3 receptors (Hu and Lovinger, 2005) . In a7 nACh receptors, binding sites in both the extracellular domain and the ion channel have been characterised, and it has also been suggested that similar sites might exist in the 5-HT 3 receptor Eddins et al., 2002a, b; Gill et al., 1995; Hu and Lovinger, 2005; Quirk et al., 2004; Van Hooft and Wadman, 2003) .
Here we examine amino acids that contribute to two potential calcium binding sites in the 5-HT 3 receptor extracellular domain, and also use a calcium impermeant mutant 5-HT 3 receptor, to determine the roles of these residues on calcium-mediated effects on binding and modulation of the current response.
Methods

Materials
All cell culture reagents were obtained from Gibco BRL (Paisley, UK), except foetal calf serum which was from Labtech International (Ringmer, UK). [ 3 H]granisetron (81 Ci/mmol) was from PerkinElmer (Boston, MA, USA). All other reagents were of the highest obtainable grade.
Cell culture
Human embryonic kidney (HEK) 293 cells were maintained on 90 mm tissue culture plates in DMEM:F12 (Dulbecco's Modified Eagle Medium/Nutrient Mix F12 (1:1)) with GlutaMAX IÔ containing 10% foetal calf serum, at 37 C and 7% CO 2 in a humidified atmosphere. Cells in 90 mm dishes were transfected using calcium phosphate precipitation at 70-80% confluency (Chen and Okayama, 1988; Jordan et al., 1996) .
Receptor expression and mutagenesis
Mouse 5-HT3A receptor subunit cDNA (Accession: AY605711) was cloned into pRc/CMV (Invitrogen Ltd., Paisley, UK) and mutagenesis was performed using the method described by Kunkel (Kunkel, 1985) . Oligonucleotide primers were designed according to the recommendations of Sambrook et al. (1989) and some suggestions of the Primer Generator (Turchin and Lawler, 1999) ; http://www.med.jhu.edu/ medcenter/primer/primer.cgi). A silent restriction site was incorporated into each primer to assist identification of mutants.
Electrophysiology
HEK 293 cells were either transiently transfected using standard commercial reagents or stable cell lines were selected using antibiotic resistance (Geneticin) encoded within the pRc/CMV plasmid. Electrophysiological measurements were performed in the whole-cell configuration using an Axopatch 200 amplifier (Axon Instruments, Union City, CA, USA), Lab-PC þ A/D board (National Instruments Inc., TX, USA) and Strathclyde Electrophysiology Software v3.1.4 (Department of Physiology and Pharmacology, University of Strathclyde, UK; http://www.strath.ac.uk/ Departments/PhysPharm/). All experiments were performed in voltage-clamp mode. Currents were filtered at a frequency of 5 kHz (À3 dB), using the 4-pole lowpass Bessel filter provided on the amplifier, and acquired at a sampling frequency of 1 kHz. The cell membrane potential was routinely held at À60 mV. Patch electrodes were pulled with a Sutter P87 (Novato, CA, USA) using a three stage horizontal pull and type GC120TF-10 borosilicate glass (Harvard Apparatus, Edenbridge, Kent, UK). Pipette resistances ranged from 2.0 to 3.5 MU. Series resistance was usually less than 5 MU and voltage errors never exceeded 5 mV.
Application of solutions was achieved using a ValveBank 8II (Automate Scientific Inc., San Francisco, CA, USA). Cells were perfused using a gravity fed bath with a constant laminar flow of saline at a rate of 4-5 ml per min. The time taken for the baseline current to stabilise after changing saline concentrations (in the open-tip configuration) was used as an indicator of solution exchange, and showed that cells were completely submersed in test solution within 50-100 ms. After entering the whole-cell configuration, the membrane current was allowed to stabilise for at least 2 min before recordings were made.
For dose-response experiments, patch pipettes were filled with filtered (0.2 mm, Millipore) intracellular saline containing (mM), 140 CsCl, 1.0 MgCl 2 , 1.0 CaCl 2 , 10.0 EGTA and 10 HEPES; pH 7.2 with CsOH. Cells were continuously perfused with an extracellular solution containing 140 NaCl, 5.4 KCl, 1.0 MgCl 2 , 1.0 CaCl 2 and 10 HEPES; pH 7.2 with NaOH. Solutions used to test the effects of external calcium were the same as above, but contained no added MgCl 2 , and either no added CaCl 2 (referred to as 0 mM), 1 mM CaCl 2 , 3 mM CaCl 2 or 10 mM CaCl 2 . All salines were prepared fresh each day.
Currents were analysed using the tools provided as part of Strathclyde Electrophysiology Software. Current desensitisation was fitted (5-95% of total current) to a single-exponential function. Owing to the slow rates of solution exchange (50-100 ms) when compared to the speed of activation, this parameter was not measured. Statistical analysis and curve fitting was performed using Prism v3.02 (GraphPad Software, San Diego, CA, USA, http://www.graphpad.com). Values are presented as mean AE SEM. Statistical analysis was performed using ANOVA in conjunction with a Dunnett's post test. P values <0.05 are considered as statistically significant.
Radioligand binding
This was undertaken as previously described with minor modifications (Lummis et al., 1993) . Briefly, transfected HEK 293 cell membranes were incubated in 10 mM HEPES buffer (pH 7.4) containing the 5-HT 3 receptor antagonist [ Reactions were incubated for 1 h at 4 C and radioactivity determined by scintillation counting (Beckman LS6000sc, Beckman Coulter Inc, CA, USA). Data were analyzed using Prism v3.02 by iterative curve fitting according to the equation:
, where B is bound radioligand, B max is maximum binding at equilibrium, K is the equilibrium dissociation constant and [L] is the free concentration of radioligand. Values are presented as mean AE SEM. Statistical analysis was performed using ANOVA in conjunction with a Dunnett's post test or Student's ttest. P values <0.05 are considered as statistically significant.
Immunofluorescence
This was as described previously (Spier et al., 1999) . Briefly, transfected cells were washed with three changes of Tris-buffered saline (TBS: 0.1 M Tris pH 7.4, 0.9% NaCl) and fixed using ice cold 4% paraformaldehyde in phosphate buffer (PB: 66 mM Na 2 HPO 4 , 38 mM NaH 2 PO 4 , pH 7.2). After two TBS washes, the cells were incubated overnight at 4 C in pAb120; at 1:1600 in TBS. Biotinylated anti-rabbit IgG (Vector Laboratories, CA, USA) and fluorescein isothiocyanate (FITC) avidin D (Vector Laboratories, CA, USA) were used to detect bound antibody as stated in the manufacturer's instructions. Coverslips were mounted in Vectashield mounting medium (Vector Laboratories, CA, USA). Immunofluorescence was observed using a confocal microscope. exchanged for the corresponding a7 nACh sequence by Galzi et al. (1996) is shown by a grey line above the text.
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Results
Wild type receptors
Under physiological conditions (1.0 mM CaCl 2 , 1.0 mM MgCl 2 ), wild type 5-HT 3 receptors responded to 5-HT with a rapidly activating and slowly desensitising inward current. Plotting current amplitude against a series of 5-HT concentrations yielded a log EC 50 of À5.75 AE 0.02 (EC 50 ; 1.8 mM) and Hill slope of 2.31 AE 0.25 (n ¼ 23), similar to previously published results (Hussy et al., 1994; Thompson and Lummis, 2003) . Rates of desensitisation were well fitted by single exponential functions and increased with rising concentrations of 5-HT.
In the absence of external magnesium, raising the concentration of calcium (0 mM, 1 mM, 3 mM and 10 mM) had a number of concentration-dependent, reversible effects on the functional characteristics of the 5-HT 3 receptor response ( Fig. 2 and Table 1) ; it reduced the maximal current amplitude, shifted dose-response curves to the right and increased the rate of desensitisation. Hill co-efficients were unaltered.
Identification of potential binding sites
Two adjacent and partially overlapping calcium binding sites were identified in the extracellular domain of the 5-HT 3 receptor. Cations are typically coordinated by negatively charged amino acids, and a potential consensus calcium binding site was identified as a series of three glutamate residues at positions E213, E215 and E218 (Fig. 1A) . A further potential site was identified by comparing sequence alignments and homology models of the 5-HT 3 receptor (Thompson et al., 2005) with residues of a calcium bound AChBP crystal structure (PDB ID; 1i9b). In the AChBP structure, calcium was found to be coordinated by the side chains of D161 and D175, and the backbone of V176. These residues are homologous to D204, E218 and V219 in the 5-HT 3 receptor (Fig. 1B) .
E213Q currents
Dose-response curves yielded log EC 50 , Hill slope and peak current values that were not significantly altered when compared to wild type responses at the same calcium concentrations (Table 1 , Figs. 3 and 6 ). E213Q mutants responded to 5-HT with rates of desensitisation that were w4-fold faster than wild type responses. To quantify calcium-dependent effects, values in the presence of varying calcium concentrations were normalised to values recorded at 0 mM and compared to wild type responses that had been normalised in the same way (Fig. 6D ). This analysis showed that E213Q and wild type receptors displayed comparable relative increases in the rates of desensitisation in the presence of calcium.
E215Q currents
Changes in the log EC 50 , Hill slope, peak current amplitude and rates of desensitisation were identical to wild type receptors across the range of calcium concentrations studied (Table 1, Figs. 4 and 6) .
Calcium impermeable mutant
We have previously found, using fluorometric calcium imaging, that combining an E277A substitution with S297R abolishes calcium permeability (Thompson and Lummis, 2003) . Here we used this double mutant to find whether calcium modulation of the 5-HT 3 receptor response was governed by regions other than the extracellular domain. When expressed in HEK 293 cells, the double mutant displayed responses that were similar to wild type receptors (Figs. 5 and 6). Examination of concentration-response curves at varying calcium concentrations showed that in contrast to the extracellular mutants, there were no significant changes in the log EC 50 , Hill slope or peak current amplitude with increasing concentrations of external calcium. E277A/S297R mutants responded to 5-HT with rates of desensitisation that were inherently faster than wild type responses, but when these rates were normalised to the values recorded at 0 mM calcium was found to have no effect (Figs. 4C and 6D ). When E277A is expressed alone, we have previously shown that has a reduced level of calcium permeability (Thompson and Lummis, 2003) . At E277A mutants, the modulatory effects of calcium were restored (data not shown).
Non-functional mutants
Application of 1 mM 5-HT to patch-clamped HEK 293 cells transfected with D204N, E218Q or V219L mutant receptor cDNA was unable to elicit a response (n > 50 for each mutant).
[ 3 H]Granisetron binding and immunofluorescence
Binding affinities (K d ) for wild type and mutant receptors were calculated using radiolabelled [ 3 H]granisetron in the presence or absence of 10 mM calcium (Table 2) . At 0 mM calcium, the K d values of wild type, E213Q, E215Q, D204N, E277A/S297R and V219L mutants were similar. In the presence of 10 mM calcium, only wild type and E277A/S297R receptors displayed a small, but significant, increase in K d . No radioligand binding was observed for E218Q mutants in either 0 mM or 10 mM calcium.
Owing to the absence of radioligand binding for E218Q mutants, expression of this receptor was further examined using a 5-HT 3 specific antibody (Spier et al., 1999) . No immunofluorescence was observed in non-permeabilised cells, indicating that these receptors were unable to reach the cell surface (Fig. 7) .
Discussion
The aim of this study was to determine if residues that contribute to potential calcium binding residues in the extracellular domain of the 5-HT 3 receptor are responsible for the modulatory effects of calcium. One potential calcium binding site consists of three charged glutamates (E213, E215 & E218). Neutralisation of the charge in E213Q mutants generates receptors with increased rates of desensitisation when compared to wild type receptors, although the calcium-mediated changes in the kinetics and current amplitude were similar to wild type. The functional properties of E215Q mutant receptors appeared identical to wild type receptors, but in contrast to wild type receptors, both E213Q and E215Q mutant receptors displayed no increase in [ 3 H]granisetron binding affinity in the presence of calcium. E218Q mutants were not expressed. Three residues were also identified in a second potential binding site (D204, E218 & V219), one residue of which overlaps with the first binding site. Conserved substitutions at D204 and V219 revealed no change in [ 3 H[granisetron binding affinity in the presence of calcium, but both these mutants were non-functional; this suggests that D204, E218 & V219 have an essential role in the structure, trafficking and/or function of the receptor. We also examined a calcium impermeant mutant receptor (E277A/S297R), which showed a calcium-dependent increase in K d similar to wild type receptors, but displayed none of the calcium-dependent changes in peak current or rates of desensitisation. These data suggest that the effects on ligand binding are affected through sites Table 1 . Values for desensitisation are mean AE SEM, n > 5. in the extracellular domain, while calcium-dependent modulation of the 5-HT current response is mediated by calcium binding to a site either in the ion channel or within the intracellular region. This hypothesis is supported by a recent study which located residues at the extracellular end of the pore and in the intracellular region as important determinants of calcium permeability and conduction, although it was not reported whether these residues affected calcium-dependent changes in the peak current amplitude and desensitisation (Livesey et al., 2008) . External calcium is one of a number of ions which can modulate the activity of 5-HT 3 (and many other) receptors, and it is believed to act through specific calcium binding sites (Peters et al., 1988; Ceresa and Limbird, 1994; Eddins et al., 2002b; Hu and Lovinger, 2005) . However, accurately predicting the location of calcium binding sites is difficult as calcium may bind to a variety of protein structures, provided there are appropriately placed charged residues. For example, an in silico prediction of calcium binding sites in the a7 nACh receptor indicated five possible sites, only one of which was finally implicated in calcium-modulation of the response (Galzi et al., 1996) . Based on the arrangement of residues along the linear sequence of this region, it was also suggested that they would form an EF hand. High resolution structures of AChBP and the nACh receptor have since shown that there is no EF hand, and that calcium is more likely to be coordinated by amino acid side-chains within loop F and the adjacent Cys-loop (Brejc et al., 2001) . The sites within our own study are located in the same loop F/Cys-loop region as those in the a7 nACh receptor. Here we have shown that increasing the external calcium concentration from 0 mM to 10 mM causes a small, but significant increase in the K d , for [ 3 H]granisetron at wild type receptors. We observed similar calcium-dependent increases in K d in the calcium impermeant E277A/S297R mutant receptor, but changes were absent from E213Q, E215Q, D204N and V219L mutant receptors. The change in ligand affinity may reflect calcium-dependent structural alterations in the F-loop, a region that is known to be important for ligand binding and which has been shown to coordinate calcium in AChBP (Niemeyer and Lummis, 2001; Thompson et al., 2006b; Brejc et al., 2001; Nishio et al., 1994) . There have also been reports of competitive inhibition of a7 nACh receptors by monovalent cations, but in this study mutations in the adjacent b-strands also strongly affected calcium-mediated effects, indicating a further noncompetitive mechanism (Akk and Auerbach, 1996; Le Novere et al., 2002; McLaughlin et al., 2006) . Importantly, calcium-mediated changes at different Cys-loop receptors are varied, and the mechanism of inhibition at a7 nACh and 5-HT 3 receptors are unlikely to be the same.
E213 and E215 are conserved in all homologues of 5-HT 3 A receptors and form a negatively charged region that could potentially assist in co-ordinating the binding of calcium. A sequence alignment shows that the residues responsible for coordinating calcium in AChBP (D161, D175 & V176) have similar counterparts in the 5-HT 3 receptor (D204, E218 & V219) (Galzi et al., 1996; Brejc et al., 2001; Thompson and Lummis, 2006) . Mutation of some of these residues (E213, E215, D204 and V219) resulted in loss of the calcium-mediated increase in K d , suggesting a possible contribution of these residues to this increase, although it seems unlikely that the small effect observed in wild type receptors has a major physiological significance. However, the data reveal that E218Q mutants were non-functional, displayed no No calcium binding sites have yet been unequivocally identified in the 5-HT 3 receptor, although it has been suggested that a site may exist within the pore or within the M3-M4 loop; there is a decrease in single channel conductance in the presence of calcium, and neutralisation of a conserved aspartate residue (adjacent to S297) that reduces calcium permeability, can eliminate calcium-mediated effects (Brown et al., 1998; Hu and Lovinger, 2005; Livesey et al., 2008) . The reduction in the peak current and the non-surmountable shift in the dose-response curve that we observed would support this hypothesis, as these changes are consistent with a non-competitive mechanism. Interactions within the pore would be expected to be voltage-dependent, and although reports vary, there is evidence for this in 5-HT 3 receptors expressed in Xenopus oocytes and in native cells (Eiselé et al., 1993; Maricq et al., 1991; McMahon and Kauer, 1997; Van Hooft and Wadman, 2003) . Indeed, a mathematical model of the 5-HT 3 receptor pore created by Van Hooft and Wadman, 2003 describes potential binding sites at channel residues 13 0 and À4 0 . Binding in the ion channel has also been proposed for the a7 nACh receptor and it is notable that the M2 pore lining residues of the a7 nACh and 5-HT 3 receptor are identical from the 13 0 location down through to À4 0 (Thompson and Lummis, 2006; Lyford et al., 2002; Eddins et al., 2002a) .
Conclusions
We have mutated four charged amino acids and V219 in a region spanning residues 204-218 in the 5-HT 3 receptor extracellular domain to determine their role in calcium-mediated effects on 5-HT 3 receptor binding and function. Our results show that mutations to these residues can eliminate the calcium-dependent change in antagonist binding affinity observed in wild type receptors, and may indicate that these residues contribute to a calcium binding site, or introduce subtle structural changes that effect a more distal calcium binding site. Calcium-dependent modulation of the 5-HT current was unaffected by mutations at E213 and E215, while substituting E218, D204 and V219 prevented the formation of functional 5-HT 3 receptors, suggesting a structural role for these residues. We speculate that this might be mediated by interactions with calcium, although there is currently no direct evidence for this in the 5-HT 3 receptor. The modulatory effects of calcium upon peak current amplitude and kinetics could be abolished using a calcium impermeant mutant of the 5-HT 3 receptor (E277A/S297R). These results suggest that residues within the extracellular domain may subtly influence calcium-dependent changes in ligand binding, but the major determinant of calcium-mediated modulation of the 5- HT 3 receptor response is located within the channel or at an intracellular site.
